Objective: Virtual endoscopy (vE) allows simulated three-dimensional (3-D) visualization of anatomical structures by computerized reconstruction of radiological images. The aim of this study was to evaluate the feasibility of vE and its potential benefits for endoscopic transsphenoidal pituitary surgery.
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Introduction
Pursuing the goal of minimal invasiveness, endoscopy has recently been introduced in neurosurgery as a further refinement of the transnasal transsphenoidal approach to sellar lesions [4, 13] . As the tip of the optic device is close to the surgical target, endoscopes offer the advantage of high magnification, large field of view and different viewing angles, making views "around the corner" possible through a keyhole approach. Modern rod-lens based endoscopes combined with digital signal processing video systems provide excellent image quality of the surgical anatomy. Given these technical advances, transsphenoidal endoscopic pituitary surgery is increasingly performed and has replaced the conventional microscopic technique in some centers.
However, neurosurgeons are used to the handling and the three-dimensional picture provided by an operating microscope. Thus, a learning curve is needed for endoscopic surgery. Not only does the new technique require a different handling of the optic device, but it is also the endoscopic view of the anatomy that neurosurgeons are unfamiliar with: The endoscope produces a two-dimensional image with a large, magnified and laterally distorted field of view (the so-called "fish eye" phenomenon) at unusual viewing angles. Thus, for safe application of this new technique, experience, special training, and preoperative planning of the surgical intervention are crucial.
First described in 1994 by Vining et al [26, 27] , virtual endoscopy (vE) is a postprocessing tool for radiological images. It creates a virtual 3-D environment by computerized reconstruction of image data and identification of inner surfaces and organic structures through a threshold process. Inside this virtual 3-D space, movements, angles and rotations of the viewing position are possible. vE has applications in many fields of medicine (for a review see [3] ) including otorhinolaryngology for visualization of the nasal cavity and paranasal sinuses [8, 12, 17, 19, 23] and in neurosurgery for simulation of ventriculoscopy [2, 11, 14, 15] and cisternal endoscopy [1, 10, 18] . However, to our knowledge, only one study has reported so far on vE for transsphenoidal pituitary surgery [24] . The aim of our study was to systematically evaluate the feasibility of vE and its potential benefits for endoscopic transsphenoidal pituitary surgery.
Methods and Patients
Image acquisition
Assessment of the nasal and sphenoid anatomy by computed tomography (CT) is part of the preoperative routine diagnostic workup in patients with pituitary adenoma. Due to the superior delineation of fine bony structures as compared to magnetic resonance imaging (MRI), the CT data were used for reconstruction of vE images: After application of iodinated contrast media (iopamidol, Iopamiro ® 300 mg iodine/mL, Bracco, Milan, Italy) at 1 mL/kg body weight, axial images with 512 x 512 matrix starting inferior to the nares and advancing at 1 -2 mm slice distance with a fixed tube voltage of 120 kV and current of 260 mA were acquired on a multislice CT scanner (Somatom Sensation 4 ® , Siemens, Vienna, Austria) and stored on recordable compact disc (CD-R) in DICOM format.
Development of vE software
Initially, we listed the requirements of an optimal system as follows: 1) A haptic device simulating an endoscope. 2) Software applicable on a standard personal computer. 2. Orientation. For proper orientation in the virtual space, a multiplanar reconstruction of the image data was displayed on the monitor. The actual position of the virtual endoscope as defined by its tip was marked as a dot, the actual field of view as defined by a pyramid-shape was marked as a contour on the CT images (figure 1). Corresponding CT images were updated during virtual endoscopy in real-time just as neurosurgeons are used to from working with intraoperative navigation systems.
3. Steering. A commercially available force-feedback joystick was used for maneuvring the virtual endoscope. We implemented a collision detection in the software that provided haptic feedback via the joystick whenever the user hit a virtual anatomic border.
4. Segmentation and transparency. Volume segmentation of important structures such as the internal carotid arteries was realized by manually outlining the objects on CT images. The 3-D objects were transparently displayed behind the walls of the virtual space.
5. Surgical instruments. A rongeur was simulated by removal of a cylindric piece of virtual tissue in front of the endoscope tip when pressing the trigger button of the joystick. The stroke of the virtual instrument was adjustable by depth and radius.
6. Image and video acquisition: Capturing of screen shots and movies for later comparison with intraoperative images is possible via the PACS software during the vE session. Briefly, the nostril of the larger nasal cavity and/or contralateral to the side of parasellar tumor extension was chosen for the approach. After decongestion with 10% cocain-solution-soaked cottonoids, the mucosa around the sphenoid ostium was coagulated and the ostium enlarged.
Endoscopic pituitary surgery
If a wide access was needed, the septal bone was fractured to the contralateral side in a swingdoor fashion to gain access to both sphenoid ostia. Inside the sphenoid sinus, parts of the mucosa covering the sellar floor and the sphenoid septae were removed. After removal of the bony sellar floor the dura was opened in a quadrangular shape and its double fold edges sealed with bipolar cautery to prevent bleeding from intercavernous sinuses. The adenoma was then removed using differently shaped curettes and suction. Endoscopes with 30 and 45° viewing angle were used for inspection and tumor removal in para-and suprasellar areas. At the end of the procedure, the sellar floor was reconstructed using haemostyptic material, fibrin glue and septal bone.
Postoperatively, virtual endoscopic and intraoperative images where compared. We assessed the value of vE in a series of 22 patients by simulated 3-D visualization of 1) septal anatomy for improved orientation within sphenoid sinus, 2) position of the adenoma in relation to the pituitary gland in a color-coded fashion, 3) adenoma in relation to ICA. 
Discussion
The application of endoscopes for pituitary surgery has further minimized the transsphenoidal approach as a keyhole-sized corridor for introduction of endoscope and instrument is sufficient [4, 7, 13] . At the same time, working at supra-and parasellar regions under direct visual control has become possible by the use of angled endoscopes and dedicated instruments [5] . However, microscopy-based neurosurgeons are unfamiliar with the magnified, angled, large and laterally distorted field of view of an endoscope. Thus with the new technique, a need for training and preoperative planning facilities has evolved. The aim of this study was to evaluate the feasibility and possible benefits of vE for transsphenoidal endoscopic pituitary surgery. Having developed a vE system we report on our preliminary experience in a series of 22 patients with sellar lesions.
vE as a training tool
According to our experience, vE may be beneficial as a training tool for the beginner of endoscopic pituitary neurosurgery. Currently available training tools for neurosurgeons who want to get acquainted with transsphenoidal endoscopic pituitary surgery are cadaver training or workshops. vE can be used for training the endoscopic anatomy through its simulated 3-D view. The advantage of vE over cadaver training is its unique design to study the individual endoscopic patient anatomy before the teaching operation. This may reduce operation time and, even more importantly, increase the safety of the procedure. However, a drawback of vE is the lack of haptic feedback from tissue contact that is so important in real endoscopy in creating the third dimension of depth. For a safe and individually tailored approach to sellar lesion, it is essential to interpret the anatomy of the sphenoid sinus correctly:
Surgical planning with vE
1) Sphenoid septation: Considerable variation exists in terms of number and completeness of septa dividing the sphenoid sinus in chambers. Some septa have to be opened for sufficient access, and some that insert at the sellar floor may be used as landmarks during opening.
However, the large and most constant intersinus septum often deviates from the midline and can be attached to the protuberance of the ICA [24] . This septal deviation must be kept in mind when removing the bony septa to avoid damage to the underlying artery. vE can visualize such an anatomic situation preoperatively.
In a cadaver series the ICA was not completely covered by bone in 4% of cases [22] and may therefore be injured inadvertently during opening of the sellar floor. As in the case of adenomas that have arroded the bone and bulge through the sellar floor (figure 5d), an ICA that is not covered by bone will be shown by vE through a stronger coloration.
2) Prevention of vascular injury: If a wide opening of the sellar floor is desired, such as in case of a macroadenoma, the landmarks of the sphenoid sinus have to be interpreted correctly not to laterally damage the ICA. Arterial injury has been reported in less than 0.2% of cases in large series of microscopic transphenoidal pituitary surgery [9, 25] and is a major contributor to the mortality still associated with the procedure [21, 25] . Cappabianca et al [6] Talala et al [24] were the first to use vE for visualization of the ICA inside the virtual sphenoid sinus. However, they projected the ICA on the non-perspective 3-D image of the sphenoid bone and did not use transparent view of the arteries with endoscopic distortion as in our series. Moreover, our system allows simulation of bone opening using virtual instruments.
3) Protection of pituitary gland: If the pituitary gland is in an endosellar position, as in case of a micro-or small macroadenoma, the opening of the sellar floor can be specifically tailored to the location of the lesion in order to protect the pituitary gland and preserve pituitary function.
In microadenomas, loss of one or more anterior pituitary functional axes has been reported to occur in approximately 3% of cases following surgery [16] . In macroadenomas pituitary function can be preserved in > 95% of cases [25] . vE can transparently visualize the pituitary gland and sellar pathology in relation to the individual sphenoid sinus anatomy and may therefore aid in pre-surgical planning of an approach specifically tailored to the lesion [19] .
Future perspectives
To make the vE system a useful tool for the routine clinical setting, the following limitations 
